Although the presence of an oligosaccharide may influence the physical and biological characteristics of a protein Glucosylated oligomannose N-linked oligosaccharides , a primary role for N-linked glycosylation (Glc x Man 9 GlcNAc 2 where x ⍧ 1-3) are not normally in many simple eukaryotes may have been to retain the found on mature glycoproteins but are involved in the protein in the ER so that it folds correctly. Oligosaccharide early stages of glycoprotein biosynthesis and folding as motifs, based on Glc The full role of the glucose residues during glycosylation Man 9 GlcNAc 2 , Glc 2 Man 9 GlcNAc 2 and Glc 1 Man 9 is not well understood. In vitro experiments have shown GlcNAc 2 conformations shows the glucose residues to that these residues produce a 10-fold increase in the be fully accessible for recognition. A more detailed apparent affinity constant of OST for the oligosaccharide analysis of the conformations allows potential recogni- (Breuer and Bause, 1995) . The authors also suggest that tion epitopes on the glycans to be identified and can the recognition and binding of outer arm glucose residues form the basis for understanding the specificity of the induce conformational changes in the active site of OST, glucosidases and chaperones (such as calnexin) that influencing the association constant of the peptide substrate recognize these glycans, with implications for their (Breuer and Bause, 1995) . mechanisms of action.
Although the presence of an oligosaccharide may influence the physical and biological characteristics of a protein Glucosylated oligomannose N-linked oligosaccharides , a primary role for N-linked glycosylation (Glc x Man 9 GlcNAc 2 where x ⍧ 1-3) are not normally in many simple eukaryotes may have been to retain the found on mature glycoproteins but are involved in the protein in the ER so that it folds correctly. Oligosaccharide early stages of glycoprotein biosynthesis and folding as motifs, based on Glc x Man 9 GlcNAc 2 structures, would then (i) recognition elements during protein N-glycosylation act as recognition signals for lectins/chaperones located and chaperone recognition and (ii) substrates in the in the ER. initial steps of N-glycan processing. By inhibiting the
The requirement for terminal glucose residues as part first steps of glycan processing in CHO cells using the of the oligosaccharide during protein N-glycosylation is α-glucosidase inhibitor N-butyl-deoxynojirimycin, we species dependent. In mammalian cells, only those glycans have produced sufficient Glc 3 Man 7 GlcNAc 2 for struccontaining three glucose residues are transferred to protein, tural analysis by nuclear magnetic resonance (NMR) even in mutant cell lines that synthesize truncated spectroscopy. Our results show the glucosyl cap to have Glc 3 Man 5 GlcNAc 2 oligosaccharides (Kornfeld et al., a single, well-defined conformation independent of the 1979). The non-conditional alg3 mutant yeast strain can rest of the saccharide. Comparison with the conformaonly synthesize lipid-linked Man 5 GlcNAc 2 , resulting in tion of Man 9 GlcNAc 2 , previously determined by NMR reduced glycoprotein biosynthesis but no reduction in total and molecular dynamics, shows the mannose residues secreted protein (Verostek et al., 1993) . Trypanosomatid to be largely unaffected by the presence of the glucosyl protozoa cannot glucosylate oligosaccharides, resulting in cap. Sequential enzymatic cleavage of the glucose the normal transfer of non-glucosylated oligosaccharides residues does not affect the conformation of the to the peptide (Parodi, 1993) . remaining saccharide. Modelling of the Glc 3 The full role of the glucose residues during glycosylation Man 9 GlcNAc 2 , Glc 2 Man 9 GlcNAc 2 and Glc 1 Man 9 is not well understood. In vitro experiments have shown GlcNAc 2 conformations shows the glucose residues to that these residues produce a 10-fold increase in the be fully accessible for recognition. A more detailed apparent affinity constant of OST for the oligosaccharide analysis of the conformations allows potential recogni- (Breuer and Bause, 1995) . The authors also suggest that tion epitopes on the glycans to be identified and can the recognition and binding of outer arm glucose residues form the basis for understanding the specificity of the induce conformational changes in the active site of OST, glucosidases and chaperones (such as calnexin) that influencing the association constant of the peptide substrate recognize these glycans, with implications for their (Breuer and Bause, 1995) . mechanisms of action.
Introduction
and calreticulin (Ou et al., 1993; Hebert et al., 1995; Ware et al., 1995) . These chaperones both retain the glycoprotein N-linked glycosylation of proteins is a highly conserved in the ER during folding, and promote folding and process in eukaryotic evolution. The oligosaccharides oligomerization (Bergeron et al., 1994 ; Arunachalam and Glc x Man 9 GlcNAc 2 (Figure 1) , where x ϭ 1-3, are involved Cresswell, 1995; Zhang et al., 1995) . Removal of the final in a number of important steps during the biosynthesis glucose residue by α-glucosidase II results in a loss and folding of glycoproteins, including: (i) the N-glycosylof interaction of the glycoprotein with the chaperones. ation of the nascent peptide chain in the endoplasmic However, incorrectly folded proteins can be reglucosylated reticulum (ER) lumen [involving transfer of Glc 3 in the ER and so be recycled through the chaperone Man 9 GlcNAc 2 to the peptide by the oligosaccharyltransfersystem (Sousa et al., 1992; Helenius, 1994) . ase (OST) complex]; (ii) the initial steps of glycan processing on the glycoprotein in the ER (involving Glucosidase inhibitors, notably N-butyl-deoxynojirimy- Fig. 1 . Schematic representation of the Glc 3 Man 9 GlcNAc 2 structure showing the primary sequence and the residue numbering scheme used. The Glc 3 Man 7 GlcNAc 2 structure is missing residues D2 and D3. The Glc 2 Man 7 GlcNAc 2 and Glc 1 Man 7 GlcNAc 2 structures are missing residues G1 and G2 respectively as well. The Glc 3 Man 4 GlcNAc 1 structure is missing residues D1, D2, A, B, 4Ј and 1.
cin (NB-DNJ), prevent glycan processing and thus prevent glycoproteins interacting with chaperones such as calnexin and calreticulin. This has been shown to produce proteins which are misfolded, leading to alterations in biological activity (Fischer et al., 1996; Mehta et al., 1997; Petrescu et al., 1997) .
We have utilized NB-DNJ-treated cells to produce a glucosylated oligosaccharide (Glc 3 Man 7 GlcNAc 2 ) in sufficient quantities for conformational analysis by NMR spectroscopy. We find that the triglucosyl cap has a welldefined, compact and relatively rigid conformation. The conformation of the mannose residues is very similar to that previously determined for Man 9 GlcNAc 2 (R.J.Woods, A detailed analysis of the structural features of these saccharides has significant implications in understanding the specificity of the interactions which occur between procedure was carried out on a preparative scale using unlabelled material and identifying fractions by mass this N-glycan structure and the proteins which interact with this structure during glycoprotein folding and biosynthesis.
spectrometry. The final sample purity was checked by mass spectrometry and NMR spectroscopy. All samples used for NMR analysis were Ͼ95% pure. From 10 g (dry
Results
weight) of material taken for hydrazinolysis, 3 mg of Glc 3 Man 7 GlcNAc 2 were obtained.
Isolation of triglucosylated saccharides from NB-DNJ-treated cells Transformed Chinese hamster ovary (CHO) cells secreting
Linkage conformation analysis of the Glc 3 Man structural unit recombinant gp120 were cultivated for 1 week in the presence of the α-glucosidase inhibitor NB-DNJ to obtain Resonance spin-system assignments (Table I) were obtained from two-dimensional COSY and RELAY speca culture medium enriched in hyperglucosylated glycoproteins. Glycoproteins with oligomannose-type glycans tra. This enabled most of the resonances from the three glucose residues and the C1H to C4H resonances of the were separated by lectin affinity chromatography and the glycans were released using hydrazine and labelled with mannose residues to be identified. A few further resonances could be assigned to the glucose spin-systems from the 2-aminobenzamide (2-AB). Only a small proportion of the total 2-AB-labelled material is hyperglucosylated TOCSY spectrum. Sequence-specific assignments were made on the basis of the pattern of cross-linkage nuclear oligosaccharide ( Figure 2a ). The hyperglucosylated species found were Glc 3 Man 9 GlcNAc 2 , Glc 3 Man 8 GlcOverhauser effects (NOEs) ( Table II) . For the mannose residues, these could be confirmed by comparison of the NAc 2 and Glc 3 Man 7 GlcNAc 2 in the ratio 1:1.5:7 respectively. Only Glc 3 Man 7 GlcNAc 2 could be prepared in anomeric proton chemical shifts with those of oligomannose oligosaccharides (see Materials and methods). sufficient quantity for NMR structural analysis. There are two exomannosidases capable of hydrolysing α1→2- Figure 3 shows the cross-sections through the NOESY spectrum at the chemical shifts of the three glucose linked terminal mannose residues resident in the ER (Bause et al., 1992) . Thus, Glc x Man 7 GlcNAc 2 structures anomeric protons. The initial build-up rates, together with the distance constraints derived from the NOE data, are are potential natural substrates for glucosidase II, calnexin and calreticulin.
given in Table II . All three linkages (Glcα1→2Glcα, Glcα1→3Glcα and Glcα1→3Manα) are unusual in that Pure glucosylated oligosaccharides were obtained by initial fractionation of the hydrazine-released material only one NOE is observed for each linkage at short mixing times (Ͻ200 ms). Thus, the conformational information using Bio-Gel P4 chromatography, followed by normal phase HPLC of the appropriate fraction ( Figure 2b ). This available from the absence of NOEs is of great importance, Not observed indicates that the peak is not seen at short mixing times (Ͻ200 ms); some of these peaks are observed at longer mixing times (in the spin-diffusion regime). (Wormald and Edge, 1993) . Figure 4 shows the torsion constraints from the absent NOEs (see Table II ). The grey areas give angle maps, derived from the NOE distance, for the three the regions consistent with all the NOE data. The unshaded areas are glycosidic linkages in the Glc 3 Man structural unit. In those which cannot be significantly populated, due to the absence of addition, further areas of conformational space can be characteristic NOEs (Wormald and Edge, 1993) .
excluded on the basis of unfavourable steric interactions predicted by molecular modelling. G2-G3 (Glcα1→3Glcα) linkage. Figure 4b shows two regions of conformational space consistent with all the G1-G2 (Glcα1→2Glcα) linkage. Figure 4a shows two regions of conformational space consistent with all the available NOE data, at (φ ϭ -35 Ϯ 15, ψ ϭ -15 Ϯ 15) and a large region around (φ ϭ ϩ50, ψ ϭ -10). The available NOE data, at (φ ϭ -60 Ϯ 20, ψ ϭ -90 Ϯ 20) and (φ ϭ ϩ80 Ϯ 30, ψ ϭ -145 Ϯ 30). The former region region around (φ ϭ ϩ40 Ϯ 20, ψ ϭ -30 Ϯ 20) can be excluded because of steric interactions between G2:O2 is consistent with the known conformational preference of an α-linkage for φ ™ -60, due to the exo-anomeric and G3:O4; however, the region at (φ ϭ ϩ20 Ϯ 25, ψ ϭ ϩ10 Ϯ 20) is feasible on steric grounds. The region at effect (Woods et al., 1995) . The latter region can be excluded because the resulting structure involves severe (φ ϭ -35 Ϯ 15, ψ ϭ -15 Ϯ 15) is consistent with the known conformational preference of an α-linkage for φ steric interactions between G1:O2 and G2:O1. ™ -60. The disaccharide Glcα1→3Glcα-OMe has been crystallized (Neuman et al., 1980) and this gives torsion angles of (φ ϭ -18.2, ψ ϭ -14.9). Figure 4c shows two regions of conformational space consistent with all the available NOE data, at (φ ϭ -65 Ϯ 15, ψ ϭ ϩ10 Ϯ 30) and (φ ϭ ϩ65 Ϯ 20, ψ ϭ -45 Ϯ 25). The former region is consistent with the known conformational preference of an α-linkage for φ ™ -60. The latter region can be excluded because of steric interactions between G3:O2 and D1:O4.
G3-D1 (Glcα1→3Manα) linkage.
Thus, for each linkage there is a single, sterically allowed conformation consistent with all the available show the linkages to be either flexible or adopt more than one conformation. This leads to the structure for the Glc 3 Man unit shown in Figure 5b . A molecular model of Removal of the G1 residue affects the chemical shifts of the G2 resonances, but not those of G3, D1 or C. Similarly, Glc 3 Man 9 GlcNAc 2 is shown in Figure 5a , based on the NMR structure of Glc 3 Man and the NMR/molecular removal of G2 does not affect the resonances of D1 or C. The NOE analyses (data not shown) produced results dynamics structure of Man 9 GlcNAc 2 .
The linkage analysis for the Glc 3 Man unit in the linear both qualitatively and quantitatively very similar to those obtained from Glc 3 Man 7 GlcNAc 2 for all the remaining saccharide Glc 3 Man 4 GlcNAc 1 in 2 H 2 O gave essentially identical results (data not shown). There are no significant linkages. Thus, sequential cleavage of the Glcα1→2Glcα and Glcα1→3Glcα linkages does not alter the conformchanges in chemical shifts for residues G1, G2, G3 and D1 between the two species (Table I) . This indicates that ation of any of the other linkages. residues 4Ј, A and B do not affect the structure of the Glc 3 Man unit.
Effects of the Glc 3 unit on the 1,3 arm oligomannose structure The NOEs across the D1-C Manα1→2Manα linkage and Linkage conformation analysis of the Glc 2 Man and Glc 1 Man units the C-4 Manα1→3Manα linkage were also measured. The data for these linkages are given in Table II . Spectral An identical analysis was also carried out on the species Glc 2 Man 7 GlcNAc 2 and Glc 1 Man 7 GlcNAc 2 , prepared by overlap makes quantitation of the C-4 linkage NOEs very difficult (as is also observed for Man 9 GlcNAc 2 ). The digestion of the parent compound with α-glucosidase I and α-glucosidase II respectively. The resonance assignobserved pattern of NOEs is very similar to that found for these linkages in Man 9 GlcNAc 2 (R.J.Woods, A.Pathiaseril, ments for these oligosaccharides are given in Table I . water is similar to that reported for the synthetic Glc 3 Man tetrasaccharide in dimethylsulfoxide (DMSO) (Alvarado indicating that the addition of the Glc 3 unit does not significantly alter the structure of the 1,3 arm to which it et al., 1991) except that the authors report a hydrogen bond between G1:OH2 and G3:OH4 for the latter. This is attached. Again, this is consistent with the similarities in chemical shift of the resonances from residues C and hydrogen bond gives rise to a conformation for the Glcα1→2Glcα linkage that would lead to a strong G1:C1H 4 in the two species. It is interesting to note that the change in chemical shift of the D1:C2H resonance on to G2:C2H NOE and no G1:C1H to G2:C1H NOE, in contrast to the data presented here (see Figure 3 and Table  addition of residue G3 allows an extra weak NOE between D1:C2H and C:C2H to be observed. In Man 9 GlcNAc 2 II). This difference may be due to different hydrogen bonding patterns being favoured by different solvents. this peak would lie too close to the diagonal to be resolved.
Large oligosaccharides, such as Glc 3 Man 7 GlcNAc 2 , are usually insoluble in DMSO, and so the smaller
Discussion
Glc 3 Man 4 GlcNAc 1 was prepared. However, this species is still not sufficiently soluble in DMSO to make conformaWe previously have reported on the solution conformation of the Man 9 GlcNAc 2 oligosaccharide (R.J.Woods, tional analysis possible. The NMR data show that the triglucosyl cap adopts a A.Pathiaseril, M.R.Wormald, C.J.Edge and R.A.Dwek, submitted). Comparison of this structure with the NMR single conformation, which is situated at the end of a relatively rigid and extended 1,3 arm (R.J.Woods, data on Glc 3 Man 7 GlcNAc 2 show the 1,3 arm to be unaffected by the presence of the terminal glucose residues.
A.Pathiaseril, M.R.Wormald, C.J.Edge and R.A.Dwek, submitted). This results in an accessible triglucosyl cap, Furthermore, removal of the 1,6 arm mannose residues (4Ј, A and B) from Glc 3 Man 7 GlcNAc 2 does not alter the~30 Å from the linkage point to the protein ( Figure 5 ).
The OST complex recognizes both the Glc 3 cap and the conformation of the triglucosyl cap. Thus, the oligomannose core and the glucosylated cap of Glc 3 Man 7 GlcNAc 2 chitobiose core during transfer of the oligosaccharide from the dolichol intermediate to the protein. In vitro can be considered as independent structural units. The structure of Glc 3 Man 9 GlcNAc 2 obtained by combining experiments using purified OST have shown that the dolichol-linked chitobiose core alone is a sufficient subthese data (Figure 5a ) shows the Glc 3 cap to be remote from the rest of the molecule, with no interactions between strate for OST (Breuer and Bause, 1995) . The Glc 3 residues contribute to the transferase-dolichol intermediate binding the glucosyl cap and any of the mannose residues, except D1.
reaction by producing a 10-fold increase in apparent affinity constants (Breuer and Bause, 1995) . Thus, the OST The structure of the triglucosyl cap (Figure 5b ) is quite compact, forming a tight turn. Molecular modelling shows must have a secondary lectin site involved in recognition of the triglucosyl cap~30 Å from the active site (Figure 7a ). that the distance between G1:C1H and G3:O4 is 1.6 Å, indicating a potential hydrogen bond which would stabilize
The presence of a single conformation for the triglucosyl cap is consistent with its primary role as a recognition this structure. The Glc 3 Man unit must also be quite rigid (particularly the Glcα1→2Glcα linkage), since the element. Almost immediately after en bloc transfer of the oligopermitted areas of conformational space for the linkages, based on the negative NOE constraints (Figure 4) , are saccharide, the terminal glucose residue is hydrolysed by α-glucosidase I, a type II transmembrane protein with a small.
The structure presented here for the Glc 3 Man unit in lumenal C-terminal catalytic domain (Kalz-Fuller et al., 1995) . The structure places this linkage in a sterically a continuous molecular surface on Glc 1 Man 9 GlcNAc 2 ( Figure 7c ). unhindered position accessible for hydrolysis (Figure 7a) .
On the basis of this model, we propose that calreticulin/ This step may be involved in rapid uncoupling of the calnexin and glucosidase II approach their common sub-OST-donor oligosaccharide-peptide complex.
strate from different sides of the molecule (Figure 7c ). α-Glucosidase II, an enzyme that is only loosely associThis would allow glucosidase II to hydrolyse the G3-D1 ated with the ER membrane (Brada and Dubach, 1984) , linkage whilst the glycoprotein is bound to calreticulin/ removes the next two α1→3-linked glucose residues.
calnexin and thus to promote dissociation of the complex. Little is known about the structure of glucosidase II This is consistent with the recent observation that gluco- . Kinetic analysis (Alonso et al., sidase II causes dissociation of the complexes formed 1991) has suggested that the protein has two binding sites between mono-glucosylated ribonuclease B and calreticuwhich are close together and differ in the value of their lin or calnexin (Rodan et al., 1996) . K m s by a factor of 600. The authors suggest that the two Both calnexin (A.Vassilakos, M.Michalak, M.A. glucose residues of the Glc 2 Man 9 GlcNAc 2 -glycoprotein Lehrman and D.B.Williams, submitted) and calreticulin could bind to both these sites simultaneously, leading to (Spiro et al., 1996) also require the presence of the 4Ј cleavage of both linkages before release of Man 9 GlcNAc 2 -mannose residue (see Figure 1 for notation) for maximum glycoprotein. This would not allow recognition of the binding. In Glc x Man 9 GlcNAc 2 , this residue is protected newly synthesized glycoprotein by the chaperones calnexin from recognition by the oligomannose 1,6 arms (Figure and calreticulin to take place until after subsequent reglu-5). A single continuous molecular surface cannot be cosylation by the UDP-Glc:glycoprotein glucosyltransferformed which involves both the 1,3 arm residues and the ase (Sousa et al., 1992) . In trypanosomatid protozoa, 4Ј mannose. One possible explanation for this is that the this is the only route available for calnexin/calreticulin presence of the 4Ј residue alters the conformation and/or recognition (Parodi, 1993) . However, the fact that large flexibility of the 1,3 arm, thus indirectly affecting the quantities of the mono-glucosylated glycan can be prochaperone binding. Molecular modelling of the duced by partial hydrolysis of Glc 2 Man 7 GlcNAc 2 with Man 9 GlcNAc 2 structure does suggest the presence of a catalytic amounts of α-glucosidase II demonstrates that, water-mediated hydrogen bond between residues 4 and 4Ј for this substrate, glycan release must occur after removal (R.J.Woods, personal communication). We are currently of the first α1→3-linked glucose residue.
investigating the solution structures of the glucosylated The conformations of the Glcα1→3Glcα and the inner residue to C3 of the outer residue. This could from Sigma; Chelex 100, Dowex AG50 X-12 (H ϩ form), Dowex AG3 X-A4 (OH -form) and Bio-Gel P4 (-400 mesh) were purchased from be a potential epitope for α-glucosidase II recognition, Bio-Rad Laboratories Ltd. QAE-Sephadex A25 was from Pharmacia requiring only a single active site on the enzyme for Ltd. α-Glucosidase I and α-glucosidase II were prepared as previously hydrolysis of both linkages. α-Glucosidase II does not described (Karlsson et al., 1993) ; EndoH was purchased from New hydrolyse the Manα1→3Man linkage. This linkage only England Biolabs; Jack bean α-mannosidase was prepared as previously reported (Li and Li, 1972). differs from the Glcα1→3Man linkage by epimerization at C2 of the outer residue (labelled C2Ј in Figure 6 ) which (Figure 7b and c) . The implication of 10% fetal calf serum (FCS, Techgen), 50 U/ml penicillin and 50 μg/ml this is that release and reorientation of the glycoprotein streptomycin (Gibco) in the presence of 3 mM NB-DNJ and maintained would be required before hydrolysis of the second linkage, at 37°C with 5% CO 2 for 1 week.
thus allowing calnexin/calreticulin recognition. The use Sugar release of a single enzyme to cleave both these linkages in a Glycoproteins containing oligomannose glycan structures were separated process involving release, reorientation and rebinding from the cell culture medium by affinity chromatography on ConAwould also lead to a longer lifetime for the monoSepharose. The material obtained was lyophilized and glycan release achieved by large scale manual hydrazinolysis (Wing et al., 1992; Patel glucosylated glycans. et al., 1993) . The sugars were desalted on a four resin column consisting In contrast, calnexin and calreticulin specifically recogof 200-300 μl each of Chelex 100, Dowex AG50 X-12 (H ϩ form), nize the Glcα1→3Man linkage, not Glcα1→3Glc, indicatDowex AG3 X4A (OH -form) and QAE-Sephadex. ing that C2 of the mannose residue is involved in the Gel permeation chromatography oligosaccharide-protein interactions (Figure 6 ). More Hydrazinolysis released sugars were first subjected to high resolution recent studies have shown the Glcα1→3Manα1→2Manα-gel permeation chromatography using two Bio-Gel P4 (1.5ϫ100 cm) 1→2Man tetrasaccharide to be a 100-fold more potent columns in series. Columns were maintained at 55°C and eluted with competitive inhibitor of calnexin than the Glcα1→3Man distilled water. Fractions containing hyperglucosylated sugars (Glc 3 Man 7-9 GlcNAc 2 ) were pooled and lyophilized. recognizes the whole 1,3 arm. These four residues, includCo-eluting sugars from the P4 chromatography step were separated further by normal phase HPLC on a Waters HPLC system with a ing the proposed recognition epitope in Figure 6 , form GlycoSep-N column (size 4.6ϫ250 mm, from Oxford GlycoSciences) Graphics 4D/35 workstation using the programs INSIGHT II and DISCOVER (Biosym Tech. Inc.). using the low salt solvent system previously described (Guile et al., 1996) . Briefly, solvent A was 50 mM ammonium formate at pH 4.4 and solvent B was acetonitrile. A linear gradient of 35-53% A over 100 min at a flow rate of 0.4 ml/min was followed by an increase to 100% A
